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A B S T R A C T

Lung cancer is a leading cause of cancer mortality worldwide with dramatically increasing incidence in recent
years. However, the mechanism underlying its progression remains unclear. The aim of this study was to identify
the role of hypermethylated in cancer 1 (HIC1) in lung cancer development. Here we found that HIC1 expression
was markedly decreased in lung cancer compared with the corresponding adjacent non-cancerous tissues.
Meanwhile, overall survival (OS) of lung cancer patients was negatively related with HIC1 expression using
TCGA and GEO datasets. Loss of HIC1 expression promoted cell proliferation and migration in vitro. Notable,
HIC1 knock-out in KrasG12D/+(Lox-Stop-Lox)/sgHIC1 mice had remarkable effect on tumorigenesis compared with
KrasG12D/+(Lox-Stop-Lox)/sgTd control mice. Mechanistic analyses showed that ADAMTS9, DCDC2, FAM46C,
ZNF883, F2R, MSH6 and PAX2 genes may be potential downstream targets; DNA repair pathway and tran-
scriptional regulation by TP53 pathway were involved. Finally, this study reveals that HIC1 is associated with
lung cancer progression and may provide an effective strategy for its treatment.

1. Introduction

Lung cancer is one of the most common malignant tumors and is the
leading cause of cancer mortality worldwide [1,2]. Lung tumors are
divided into two histological types: 85% of lung cancer cases are clas-
sified as non-small cell lung cancer (NSCLC),the most common and
aggressive type, the rest (15%) are classified as small cell lung cancer
(SCLC) [3]. Despite advances in radio- and chemotherapy and devel-
opment of new molecular-targeted drugs, the overall 5-year survival of
lung cancer remains poor [4]. Therefore, identifying the mechanism
underlying the progression of lung cancer may be beneficial for its
prognosis and treatment.
Hypermethylated in cancer 1 (HIC1) is identified as a tumor sup-

pressor gene located at chromosome 17p13.3 close to telomeric TP53
[5]. HIC1 is a sequence-specific zinc finger repressor and has three
known functional regions, the N-terminal BTB/POZ domain, the central
region and the C-terminal DNA binding domain [6]. The BTB/POZ

domain is responsible for protein–protein interaction which is crucial
for its biological function, while the C-terminal Zinc Fingers domains
are involved in sequence-specific binding to a HIC1-responsive element
(HiRE) with a TGCC(A/C) core motif [7]. It has been reported that
epigenetic gene silencing of Hic1 is one of the most common events in
human cancer [8–10]. Consistently, conventional knockout mice with
homozygous deletion of HIC1 was died, followed by mid-gestation
embryonic lethality [11], whereas heterozygous mutants develop a
range of spontaneous tumors in an age-dependent manner [12]. HIC1 is
frequently inactivated by DNA hypermethylation and loss of hetero-
zygosity in various types of human tumors, including prostate, breast,
lung, liver, colorectal and gastric cancer [8–10,13,14]. Despite epige-
netic silence of HIC1, several post translational regulatory mechanisms
such as glycosylation, acetylation and SUMOylation [15], have been
reported in several studies.
Our previous reports have indicated that loss of HIC1 in triple-ne-

gative breast cancer (TNBC) and prostate cancer may play a significant
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role in cancer progression [10,13,14,16]. We found that HIC1 promoter
was heavily methylated in NSCLC cell lines and tissues contributing to
its low expression compared to normal controls. Mechanistic analyses
show that autocrine secretion of IL-6 induced by loss of HIC1 activated
STAT3 through IL-6/JAK pathway and was associated with NSCLC
progression [8]. Here using the HIC1 knock-out in KrasG12D/+(Lox-Stop-
Lox)/sgHIC1 mice model, we further disclose the function of HIC1 in
occurrence of lung cancer.

2. Materials and methods

2.1. Data mining

The profiling including HIC1 mRNA expression of lung cancers was
obtained from a TCGA dataset (TCGA_LUAD_exp_HiSeqV2–2015-02-
24). The HIC1 promoter methylation data was obtained from
TCGA_LUAD_hMethyl450–2015-02-24. Gene Expression Omnibus
(GEO) datasets GSE4573, was used to obtain the Kaplan–Meier plots
with the relationship between HIC1 mRNA expression and the overall
survival of lung patients.

2.2. Cell culture

Two human lung cancer cell lines (H292 and A549) and 293T em-
bryonic kidney cells were obtained from American Type Culture
Collection (ATCC). A549 and H292 were cultured in RPMI-1640
(Hyclone) supplemented with 10% fetal bovine serum and 1%
PenStrep. 293 T were cultured in DMEM supplemented with 10% fetal
bovine serum and 1% PenStrep. The cell lines were tested and au-
thenticated by DNA typing in Shanghai Jiao Tong University Analysis
Core and were maintained at 37 °C in a 5% CO2 atmosphere.

2.3. Construction of lentiviral vectors

The Cas9 expression constructs Lenticas9-blast and the sgRNA ex-
pression plasmid Lentiguid-puro was used to generate stable HIC1
knockout H292/A549 cell lines. Lentiviruses were produced in 293 T
cells and the supernatant was collected 48 h after transfection, filtered
through a 0.45-um filter, and used directly to infect tumor cells. The
insert sgRNA sequences to silence HIC1 were as following: SgHIC1-1:
CGCACGGAATGCACACGTACAGG, SgHIC1-2: TCTTGTCGCACGACGC
GCAGCGG, SgHIC1-3: TGCGCCGAGCTGTACGCGTCGGG, SgHIC1-4:
CCGCCGCGAAATGGGTCGGAAGG.

2.4. Cell colony assay

Cell colony assay was conducted by plating 500, 1000, 1500 cells
per well in a TC-treated 6-well black-sided, clear bottom plate. Cells
were plated as above and allowed to adhere for 2 weeks then treated
with 4% formaldehyde for 30min at room temperature, stained using
coomassie brilliant blue for 30min. Experiments were repeated at least
three times.

2.5. Cell migration assay

BD Falcon cell culture inserts (8 μm) were used for cell migration
assay (Cat. no.353097, BD). 5×104 cells suspended in 0.1ml RPMI-
1640 serum-free medium was added into the top chamber. 0.5ml
RPMI-1640 medium supplemented with 10% FBS was added to the
lower chamber as a chemoattractant. After incubation for 48 h, Cells at
lower surface of the inserts were fixed in 4% formaldehyde for 30min
at room temperature, stained using coomassie brilliant blue for 30min.
The migrating cells were imaged using a digital microscopy.
Experiments were repeated at least three times.

2.6. Western blots analysis

Cells were washed 3 times by PBS and lysed for 30min in radio-
immunoprecipitation assay (RIPA) buffer (Cat#: 89900, Thermo
Scientific, Waltham, MA) containing an anti-protease mixture
(KangChen Bio-tech, shanghai, China). 20 μg of total protein was se-
parated on a 10% SDS-PAGE, transferred to a polyvinylidene fluoride
(PVDF) membrane, and probed with primary antibodies. Secondary
antibodies included horseradish peroxidase (HRP) –conjugated goat-
anti-mouse IgG and goat-anti-rabbit IgG secondary antibodies. The
antigen-antibody reaction was visualized by enhanced chemilumines-
cence assay. Experiments were repeated at least three times. Primary
antibody rabbit anti-HIC1 was purchased from Sigma, mouse anti-PAX2
was purchased from ABclonal. Mouse anti-GAPDH was purchased from
ProteinTech.

2.7. RNA Collection and RT-qPCR

Total RNA was extracted from cells using TRIzol (Invitrogen Corp)
and was reversely transcribed using the Reverse Transcriptase cDNA
Synthesis Kit (Cat. no. RR037A; Taraka). Diluted cDNA was then used
as templates in quantitative real-time PCR (RT-qPCR) on an Applied
Biosystems 7500 Fast Real-Time PCR System (ABI, Foster, USA), using
the Hidff qPCR SYBR Green Master Mix (Cat. no. 11202ES08; YEASEN)
according to the manufacturer's protocol. All reactions were done in
20ul reaction volume in triplicate and the cycling conditions were 30s
for 95 °C, followed by 40 cycles of 95 °C for 5 s and 60 °C for 1min. The
relative amount of mRNA was normalized to GAPDH and expressed as
2−△△Ct. Primers were obtained from GENEWIZ and the primer se-
quences were shown in Supplementary Table 1.

2.8. cDNA microarray analysis

The Agilent Human Gene Expression (8x60K, Design ID: 039494,
Agilent Technologies) was used in this experiment. H292 and H292sg4,
A549 and A549sg4 RNA integrity was assessed using Agilent
Bioanalyzer 2100 (Agilent Technologies) and the sample labeling, mi-
croarray hybridization and raw data extration were performed ac-
cording to the manufacturer's standard protocols. The threshold set for
up- and down-regulated genes was a fold change≥1.0.

2.9. Mice

Eight 8-10wks KrasG12D/+(Lox-Stop-Lox) mice with a C57BL/6 back-
ground were kindly provided by Dr. Liang Chen (National Institute of
Biological Sciences (NIBS), Beijing, China). Mice were treated via nasal
inhalation of U6-sgRNA-EFS-Cas9-2A-Cre (pSECC) lentivirus (2× 106

p.f.u. lenti-Cre, 4 mice for sgTd and 4 mice for sgHIC1) for 10 wks. Mice
were then euthanized and the entire lung were dissected out.
Three Hic1 sgRNAs were designed using CRISPRDesign to silence

HIC1 as following: Hic1-gRNA1: CGTTCTTGTGCGCGCGGAAGAGG,
Hic1-gRNA2: CCGCGCGCACAAGAACGTGCTGG, Hic1-gRNA3: GTTCT
TGTGCGCGCGGAAGAGGG. All mice were kept under specific pa-
thogen-free (SPF) condition and mouse care and treatment was ap-
proved by the Animal Care and Use Committee at the Shanghai Jiao
Tong University. To ameliorate any suffering of mice observed
throughout these experimental studies, mice were euthanized by CO2
inhalation.

2.10. Immunohistochemistry (IHC)

Mouse lungs were fixed in 4% formaldehyde overnight at room
temperature and embedded in paraffin. Sections of 4 μm in thickness
were used for hematoxylin–eosin (H&E) staining and im-
munohistochemistry. Samples were baked at 65 °C for 12 h, then de-
paraffinized by three 10-min extractions in 100% xylene, followed by 5-
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min each of descending grade of alcohol (100%, 95%, 80% and 70%).
Samples were then washed briefly with phosphate-buffered saline (PBS)
before transferring to boiling 10mM sodium citrate buffer (pH 6.0) for
30min. For immunohistochemistry, sections were pre-treated with 3%
hydrogen peroxide for 10min before blocking. Blocking was performed
with 5% normal goat serum in PBS for 30min at room temperature
followed by anti-mouse HIC1 (Cat. no. bs-15485R; Bioss) incubation
overnight at 4 °C. For detection with primary antibody using the im-
mune enzymatic method, the ABC peroxidase detection system (Cat. no.
PK-6105; Vector Labs) was used with 3, 3′-diaminobenzidine (DAB) as
substrate (Cat. no. SK-4105; Vector Labs) according to manufacturer's
instruction.

2.11. Pathway classification and enrichment analysis

The Database for Annotation, Visualization and Integrated
Discovery (DAVID, http://david.abcc.ncifcrf.gov/) and Metascape (A
Gene Annotation & Analysis Resource, http://metascape.org/) were
used for GO and KEGG pathway analyses. GO enrichment analysis were
used the Gene Ontology category (http://geneontology.org). Pathway
classification within DAVID used the Kyoto Encyclopedia of Genes and
Genomes database (KEGG, http://www.genome.jp/kegg/pathway.
html).

2.12. Statistical analysis

The R program (http://www.r-project.org/, version 3.2.1) and
GraphPad Prism 5.0 software were used for the statistical analysis.
Heatmap package in R was used for the cluster of TCGA mRNA ex-
pression. The significance of the differences between the control groups
and the experimental groups was evaluated using two-tailed Student's t-

tests. The Kaplan-Meier curves for survival analyses were determined
using the log-rank test. All data above represent the results obtained
from triplicated independent experiments with standard errors of the
mean (mean ± standard deviation (SD)). P value< .05 was considered
significant.

3. Results

3.1. Molecular features of HIC1 in lung cancer

To evaluate the molecular landscape of HIC1 mRNA expression in
lung cancer, we characterized the RNA-seq data acquired from a TCGA
dataset (TCGA_LUAD_exp_HiSeqV2-2015-02-24) within 513 lung
cancer patients. First, we analyzed the relationship between the mRNA
expression of the 20,530 genes and the overall survival of the lung
cancer patients. Then we identified 66 genes with log-rank P < .002
(Supplementary Table 2). The expression profiling of HIC1 and eight
genes among the 66 genes was shown in 57 paired normal-tumor lung
cancer patients (Fig. 1A). HIC1 promoter methylation data of 60 cpg
sites was extracted from TCGA_LUAD_hMethyl450-2015-02-24 within
458 lung cancer patients. 78.3% (47/60) cpg sites were negatively
correlated with HIC1 mRNA level. cg20664636 (r=−0.1821),
cg01160692 (r=−0.1506) and cg25520679 (r=−0.1310) were the
most differentially methylated sites (DMSs) (Table 1). In comparison
with normal tissues, HIC1 expression level was significantly decreased
in paired and unpaired tumor tissues (Fig. 1B). Meanwhile, we observed
that HIC1 expression level was lower in stage IV than in stage I-III
(P < .05 between stage IV and stage III, Fig. 1C). Furthermore, Ka-
plan–Meier plots obtained from the GEO datasets GSE4573 indicated
that lower HIC1 expression was associated with shorter overall survival
among lung patients (P < .05, Fig. 1D).

Fig. 1. Molecular features of HIC1 in lung cancer. A. The expression profiling of 9 significant genes in 57 paired normal-tumor lung cancer patients. B. HIC1
expression level in normal and tumor lung cancer patients. C. HIC1 expression level in different stages of lung cancer patients. D. Kaplan-Meier plots of the overall
survival (OS) of patients stratified by HIC1 expression. *P < .05.
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3.2. Loss of HIC1 promotes growth and migration of lung cancer cells in
vitro

Our previous study indicated that a higher methylation level in
HIC1 promoter was observed in H292, 95-D, A549, NCI-H1975 and
LTEP-a-2 cells than normal human fetal lung fibroblast cells MRC-5 and
WI-38 [8], we therefore chose H292 and A549 for further analysis. To
further disclose the effect of HIC1 on phenotype of lung cancer, we used
CRISPR/Cas9 technology to create stable HIC1-knockout H292/A549
lung cancer cell lines. We noted that HIC1 expression in both mRNA
and protein level was dramatically decreased in H292sg4 and A549sg4

cell lines (Fig. 2A). Cell colony assay showed loss of HIC1 promoted cell
growth in H292sg4 and A549sg4 cell lines (Fig. 2B). Notable, the ability
of migration in these cell lines was also observed to be markedly en-
hanced compared with the control group respectively (Fig. 2C, D).

3.3. Genes and pathways identified by loss of HIC1

To assay the alternative genes and pathways modulated by HIC1, we
used cDNA array to profile the gene expression program in H292sg4 and
A549sg4 cell lines. 56/36 differentially mRNAs with substantially in-
creased or decreased level respectively were noted (2-fold, Fig. 3A). A
heatmap consisting of 35 differentially expressed genes was shown in
Fig. 3B. Using qRT-PCR assay, we found that downregulated genes in-
cluding ADAMTS9, DCDC2, FAM46C, ZNF883 and upregulated genes
including F2R, MSH6, PAX2 in H292sg4 and A549sg4 cell lines
(Fig. 3C, E), was the potential downstream targets of HIC1, which need
to be guaranteed in ongoing study. As shown in Fig. 3D, DNA repair
pathway and transcriptional regulation by TP53 pathway were asso-
ciated with loss of HIC1 expression.

3.4. Loss of HIC1 promotes the occurrence of lung cancer in vivo

To disclose the function of HIC1 in tumorigenesis, three Hic1
sgRNAs were designed to silence HIC1. As shown in Fig. 4A,
Hic1_gRNA3 was observed in the most efficient effect on reduction of its
expression. pSECC lentiviruses were intratracheally delivered into
mouse lungs to delete HIC1 and the lung tissue was analyzed by his-
topathology (Fig. 4B). Mice infected with sgHIC1-pSECC indicated that
HIC1 protein was nearly undetectable compared with sgTd-pSECC in-
fected mice (Fig. 4C). In this case, H&E-stained sections showed that the
tumor numbers were markedly increased in the KrasG12D/+(Lox-Stop-Lox)/
sgHIC1 group compared with the KrasG12D/+(Lox-Stop-Lox)/sgTd group
(Fig. 4D). No obvious tumor formation in the KrasG12D/+/sgTd group
was observed in this stage, which is consistent with other group find-
ings including Ji et al. [17], Sánchez-Rivera FJ et al. [18], Zhang et al.
[19] and Wu et al. [20]. The data confirm that loss of HIC1 in lung
tissue contributes marked effect on the occurrence of lung cancer.

4. Discussion

The tumor suppressor gene HIC1 has been widely documented to
play a vital role in the process of a variety of solid tumors development
[21,22]. In this investigation, we firstly confirmed the expression pat-
tern of HIC1 was loss in lung cancer patients. Furthermore, loss of HIC1
expression markedly increased proliferation and migration in lung
cancer cells. We then found the genes including ADAMTS9, DCDC2,
FAM46C, ZNF883, F2R, MSH6 and PAX2 were the potential down-
stream targets of HIC1. Pathway analysis showed that DNA repair
pathway and transcriptional regulation by TP53 pathway had positive
correlation with loss of HIC1 mRNA. In addition, in vivo experiments
showed that loss of HIC1 had a marked effect on promoting lung tumor
growth. These results showed loss of HIC1 expression might play a
significant role in lung cancer progression.
HIC1 was discovered epigenetic silencing or loss of heterozygosity

in a wide variety of tumor types [12]. Actually, HIC1 has beenTa
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Fig. 2. Loss of HIC1 promotes growth and migration of lung cancer cells. A. CRISPR-Cas9-mediated HIC1 deletion in H292 and A549 lung cancer cells. B. Cell colony
assay between H292 and A549 cells and H292sg4 and A549sg4 cells. C. Cell migration assay between H292 and A549 cells and H292sg4 and A549sg4 cells. D.
Quantitative number of migratory cells. **P < .01. ***P < .001. Cell colony assay and cell migration assay were repeated at least three times.

Fig. 3. Genes and Pathways selected by loss of HIC1 expression. A. Differentially mRNA profiling with substantially increased or decreased levels in H292sg4 and
A549sg4 cells. B. 35 differentially expressed genes signature in H292sg4 and A549sg4 cells. C. qPCR validation of differentially expressed genes in H292sg4 and A549sg4

cells. D. Significant pathway network selected having correlation with HIC1 mRNA downregulation. E. Immunoblot analysis of PAX2 in H292sg4 and A549sg4 cells.
**P < .01.
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systematically studied in our group, which indicates that loss of HIC1 in
triple-negative breast cancer (TNBC) and prostate cancer may play a
significant role in cancer progression [10,13,14,16]. Recently, we found
that a higher methylation level in HIC1 promoter was observed in lung
cancer cells and tissues, which was in agreement with Collisson et al.'s
findings [23]. Furthermore, studies found that HIC1 could regulate
intestinal homeostasis and protective immunity in human intestinal
immune system [24]. In line with these findings, we recognized lower
expression level of HIC1 in tumor tissues than the corresponding ad-
jacent noncancerous, which was associated with poor outcomes in lung
cancer patients. Also, our immunohistochemical analyses data of tissue
microarrays (TMAs) in 69 para-carcinoma and 65 carcinoma tissues
have shown lower expression level of HIC1 in NSCLC [8]. The me-
chanism of abnormal expression of HIC1 in cancer progression is under
discussion. HIC1 is known as a transcription factor and one important
transcriptional target is SIRT1, which could inactivate p53 and estab-
lish the Hic1-Sirt1-p53 axis to promote tumor development [7,25,26].
Anette Szczepny et al. demonstrated that loss of HIC1 expression con-
tributed to chromosomal instability in early stage of tumor formation
[27]. We found that loss of HIC1 had a positive impact on lung cancer
cell proliferation and migration in vitro and promote tumor growth in
vivo. These results were consistent with the fact that loss of HIC1 co-
operated with p53 and played a vital role in inducing chromosomal
instability in DNA replication [28–30].
We identified ADAMTS9, DCDC2, FAM46C, ZNF883 as down-

regulated targets and F2R, MSH6, PAX2 as upregulated targets by loss
of HIC1. ADAMTS9 is a member of the metalloprotease large family and
epigenetically inactivated in breast cancer through blocking EGFR- and
TGFβ1/TβR(I/II)-activated AKT signaling [31] ADAMTS9 also func-
tions as a tumor suppressor gene in colorectal cancer by regulating Akt/
p53 signaling [32]. DCDC2 is the target gene of miR-645 and down-
regulation of microRNA-645 suppresses breast cancer cell metastasis
[33]. FAM46C is a poly(A) polymerase and its loss of function drives
multiple myeloma through the destabilization of ER response tran-
scripts [34]. FAM46C expression level is low in cases and is a potential

biomarker to predict hepatic recurrence [35]. ZNF883 is deregulated in
five resistant tumors and acted as drivers of the acquired cisplatin re-
sistance [36]. F2R is a 7-transmembrane receptor involved in the reg-
ulation of thrombotic response. Proteolytic cleavage leads to the acti-
vation of the receptor. According to Lin c, F2R (PAR-1) in NSCLC is
mainly expressed on cells that constitute the pulmonary tumor micro-
environment, including vascular endothelial cells, macrophages and
stromal fibroblasts [[37]]. The human MutS homologue 6 protein
(hMSH6), was first reported in 1995 as a G:T binding partner (GTBP) of
hMSH2, forming the hMutSα mismatch-binding complex. Molecular
mechanisms and cellular regulation of individual MMR proteins are
now areas of intensive research [38]. PAX (Paired Box) genes are a
family of nine nuclear transcription factors that play a crucial role in
various developmental programs, most of the PAX genes are silent in
adults. However, they become selectively active during tissue repair
and regeneration. Interestingly, several PAX genes have been reported
to be expressed in various cancers and likely to contribute to tumor-
igenesis [39]. Recent studies showed that matrine might suppress the
migration and invasion of NSCLCs by inhibiting EMT via PAX2 [40].
Taken together, our cDNA assays results showed that ADAMTS9,
DCDC2, FAM46C, ZNF883, F2R, MSH6 and PAX2 were identified as the
potential downstream targets of HIC1. These results reveal that loss of
HIC1 is positively correlated with those genes, thereby induce cell
proliferation and migration.
In conclusion, our results provide supportive evidence that loss of

HIC1 is involved in lung cancer development, which highlights the role
of HIC1 in lung cancer and provide for its therapy strategy.
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